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FOREWORD

This document presents a detailed experimental investigation of symmetric and
asymmetric crossing-shock-waves/turbulent boundary layer interactions. The study was
conducted by the Supersonic Separated Flows Research Group of the Supersonic
Combustion Laboratory, Institute of Theoretical and Applied Mechanics, Rusian
- Academy of Sciences, Siberian Branch (Russia, Novosibirsk).

This final report, submitted by the authors, describes all the work accomplished for
the duration of the EOARD Contract F61708-97-W0136 (monitor Dr. C.Raffoul) from
July 1997 to July 1998. .




ABSTRACT

Three-dimensional interaction between a turbulent boundary layer and a -
sequence of crossing shocks and expansion waves arising between two
symmetric and asymmetric vertical fins with side inclination angles B =7,
11°, and 15°, which are mounted on a plate, is experimentally studied. For
Mach numbers M., = 3 and 3.9 new data for combinations of fin angles Bxp,
equal to 7°x7°, 11°x11°, 15°x15° 7°x11°, 7°x15°, and 11°x15° are obtained
on the structure of the limiting streamlines, surface pressure and heat transfer
coefficients distributions, which clarify considerably the topological features
of these flows at various stages of their development. On the basis of obtained
" results and generalization of previous studies, the influence of unsteady effects
on some flow properties is explained. New information also forms the basis for
verification of today's numerical methods.
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1. INTRODUCTION

The study of the shock wave/turbulent boundary layer interaction is one of the
classical problems of gas dynamics, which is of great practical importance. Situations that
occur in a supersonic flow around three-dimensional configurations attract now the major
interest. These conditions are observed in inlet ducts and in external flow around various
control surfaces of flying vehicles. Available experimental data, for example, [1-3]
testify to a complex flow structure in inlets with three-dimensional compression, which is
caused by the interaction of shocks and expansion waves between themselves and with a
turbulent boundary layer developed on the surfaces. Prediction of their properties is a
complex problem [4-7]. The absence of a single and reliable theoretical basis for
turbulence description hinders the development of advanced numerical methods. Thus,
their further development is determined to a large extent by the informativeness of
experimental research used to construct physical flow schemes, justify the efficiency of
chosen turbulence models, and test the numerical methods [4-10].

 Further development and testing of advanced numerical methods requires a deeper
understanding of the physics of these flows by the example of simplified canonical
configurations that simulate the elements of real constructions. One of these
configurations is a plate with two vertical fins, which induces in a supersonic flow a
complex interaction between crossing shock waves with a turbulent boundary layer (Fig.
1). The first experimental and theoretical studies of such a configuration with small and
moderate fin inclination angles were conducted more than a decade ago [11]. Since that
time the interest in this problem has greatly increased due to the development of
hypersonic scramjet, and a considerable number of papers have been published, which
deal with similar problems [12—-43]. _

The majority of known experimental and numerical works [11-35, 39, 40, 42], are
devoted to the analysis of flows formed between two identical symmetrically located fins
(symmetrical interactions). Asymmetrical interactions near the fins with different angles B -
of the side faces have been studied much less [11, 13, 35-42]. All these studies cover the
Mach number range from 1.85 to 8.3 and B = -3° — 15°. Special emphasis in most papers
is on the analysis of pressure distribution and the structure of the limiting streamlines on
the plate surface in the interaction region. The most complete cycle of experimental
researches of the symmetrical interaction between crossing shock waves with a turbulent
boundary layer for M, = 3 and 4 is presented in the papers [17-20, 22, 24, 28, 29]. Apart
from the patterns of the limiting streamlines and pressure distribution on the plate surface,
these works present the data on the distribution of the skin friction coefficient, total
pressure fields and local angles of flow direction, as well as the optical visualization of a
3D flow pattern being formed. Fairly complete measurements of pressure distribution and
heat-transfer intensity together with the fields of various parameters under the conditions
of symmetrical interaction are analyzed for two situations (M, = 8.3, B; = B, = 10° and
15°) in [15, 23, 26, 27]. It is necessary to note that additional information about the heat
transfer and the data on pressure distribution and the structure of the limiting streamlines




was obtained only by the authors of the present paper at M, = 3.9 for some cases of
symmetrical and asymmetrical interactions [35-40]. We should also emphasize the
pioneering study [43] of symmetrical interaction for M.;=3.85 near the fins with B; =B, =
15° mounted on the surface of a 2D compression corner (o = 10°). The data on the gas
dynamic structure of this more complex flow obtained on the basis of optical
visualization and the limiting streamlines on the surface are important for testing the up-
to-date calculations and searching for effective configurations of inlets with 3D
compression.

The studies deallng with unsteady effects are not numerous at the moment, but
extremely important. The authors of [12] were, apparently, the first to measure the
pressure and temperature fluctuations on the surface for the case of symmetrical
interaction. These measurements allowed the authors to assume the existence of
relationship between the fluctuations of these parameters and heat transfer intensity
fluctuations. More detailed measurements of pressure fluctuations were performed later in
[13, 19].

It should be noted that fins with flat internal faces that form a converging half-
channel were used in most experiments, except for [15, 23, 26, 27] and performed by the
authors of the present paper [35-40]. There was only one intersection of shock waves
because of the threat of half-channel blockage, and the downstream region of
investigation on the plate was limited. In the above papers the side faces had inflected
generatrices with a constant-width channel behind the inflection (see Fig. 1). Specific
features of the flow in these conditions are determined by the boundary layer interaction
with a sequence of crossing shocks and expansion waves.

Of undoubtful interest are scarce investigations of asymmetrical interactions with
different inclination angles of the fin sides B; # B, [11, 13, 35-41]: These studies are
important, for example, for estimating a possible effect of the angle of sideslip on inlet
flow and constitute a more general test case for validation of numerical methods. The first
study of asymmetrical interactions for the Mach number M, = 1.85 seems to be
performed in [11] for various combinations of angles B, and B, in a limited range of their
values from -3° to +9°. The data obtained for the limiting streamlines and pressure
distributions on the surface allow one to characterize specific features of these flows
under the conditions of boundary layer crossing weak shocks and expansion waves which
do not cause its separation. It was shown on the basis of the theoretical model [44] that it
is possible to predict some flow properties in the region of crossing disturbances, using a
superposition of solutions for two isolated fins. Detailed data were obtained in [13] about
the mean pressure distributions and its fluctuations on the surface for more intense
asymmetrical interactions with intersecting shock waves at M, = 2.95 and combinations
of angles ByxB,= 7°x9° and 7°x13°. An important feature is the high-frequency pressure
fluctuations directly behind the calculated points of crossing shocks, corresponding to
inviscid flow conditions, which were registered in experiments.

Advanced numerical studies of examined flows are based on the numerical solution
of the full averaged Navier—Stokes equations with the use of various turbulence models:
algebraic (Baldwin-Lomax and its modifications) and differential (k-€, k-, k-1 and their
modifications) models, and also the Reynolds stress equations. The calculations




conducted for symmetrical [14, 18, 20, 21, 24-27, 29-34, 39, 40, 42] and asymmetrical
[35-41] interactions and for symmetrical fins mounted on the compression surface [34,
43] demonstrated a reasonable agreement with experiments on pressure distribution on
the plate surface, total and static pressure fields, Mach numbers and local angles of flow
deflection, and the structure of waves formed in the interaction region. However, the
agreement between the calculated and experimental fields of various parameters becomes
much worse inside the central separation region formed in the vicinity of crossing shocks
where viscous effects are essential, as compared with external regions of the boundary
layer where an inviscid flow is mainly obtained [21, 29].

It should be noted that, according to results presented in [24-28, 30-43], an
appreciable disagreement is observed under the considered conditions between the
calculated and experimental heat-transfer and skin-friction coefficients. Besides, principal
differences in topology of the limiting streamlines in the interaction region obtained
numerically and experimentally [20, 24-26, 28, 31-34, 43]. This refers primarily to the
position and type of singular points, and the exact position and shape of the separation
and reattachment lines near these points. In particular, none of topological schemes on the
plate surface obtained in numerical experiment corresponds to experimentally registered
patterns [20, 22, 28] for moderate Mach numbers (M., = 3 and 4). Besides, the calculated
patterns of the limiting streamlines, like the distributions of the skin-friction and heat-
transfer coefficients, depend substantially on the choice turbulence models, neither of
which is preferable. Experimental patterns of the limiting streamlines for M, = 8.3 [15],
which are compared with the calculations in [23, 25-27, 32, 33, 42], are not very distinct
and do not allow one to determine exactly the type and position of singular points under
these conditions.

The difference between the calculated and experimental topological schemes
necessitates further investigations for obtaining additional information supporting or
refuting their validity. It should be also noted that the above cited papers, including those
published by the authors, avoid analyzing the specific features of the flow around the side
walls of the channel formed by the fins and the junctions of various surfaces. Very scarce
data available in [15, 18, 28] on the limiting streamlines on the side surface near a single
incident shock wave, compared with calculations in [18, 20, 27, 32, 42] are not
representative and do not give a sufficient characteristic of their topological- features.
meanwhile, the flow analysis in these regions is extremely important as the basis for
designing the elements of flying vehicles, in particular, inlets, and also for verification of
today's numerical models. This gap is partly filled by the papers [45-47] dealing with the
interaction of an incident oblique shock wave with the boundary layer on the surfaces of
open streamwise corners and in a half-channel. Results presented in these works show a
necessity of more careful examination of the topological schemes obtained.

The main objective of the present study is a further experimental investigation of a
supersonic flow around the configuration shown in Fig. 1 and the refining of topology of
3D separated flows arising in these conditions at various stages of their development.
Special emphasis is laid on the verification of the correspondence between various
parameters measured in experiments with the structure of the limiting streamlines to
obtain the basis for verification of today's computational methods.




2. TEST MODELS, TECHNIQUES AND EXPERIMENTAL CONDITIONS
2.1. Windtunnel Facility, Test Conditions and Test Model

The experiments were performed in a supersonic wind tunnel T-333 of ITAM SB
RAS [48] with the test section in the form of Eiffel chamber and a 30 cm initial diameter
of the incoming stream.

Experimental conditions are listed in the table 1.

Table 1
Mach number M,, 3 3.92+0.03
Total pressure Py, Mpa 0.85-1.0 1.48 £0.02
Static pressure Py, kPa 21-25 11.30+0.01
Stagnation temperature T, K 260 260 +2
Reynolds number Re;, m” 80-10° (89 + 4)-10°
Boundary layer thickness 8, mm 3.4 3.5
Boundary layer displacement thickness §;, mm 1.12 1.12

A sketch of the test model under study and the coordinate system used hereinafter
are shown in Fig. 2. The model is a plate with two symmetrically or asimmetrically
mounted fins with sharp (~0.1 mm) leading edges. Their height is 100 mm, and their total
length is 192 mm. The fin vertices are located at a distance of 210 mm from the leading
edge of the plate, which ensured a developed turbulent boundary layer of thickness &
upstream of the fins. Six configurations used in experiments for combinations of fin
angles B, and B, equal to 7°x7°, 7°x11°, 7°x15°, 11°x11°, 11°x15% and 15°x15°. For
these variants the width of the channel entrance was b = bj+b, = 71.5, 73.6, 75.4, 75.6,
77.4, and 79.1 mm. The size of the constant-width channel section was the same in all
cases (32 mm). Table 2 shows the coordinates b; and b, of fin vertices with respect to the
channel centerline, which is the symmetry axis of the constant-width section. This model
allowed us to study the boundary layer interaction with successively crossing shocks and
expansion waves of various strength.

Table 2
BixB, | 7°x7° | 7T°x11° | 7°x 15° | 11°x 11° | 11°x 15° | 15°x 15°
b, mm | 35.75 35.8 35.8 37.8 37.8 39.55
by, mm | 35.75 37.8 39.6 37.8 39.6 39.55

The fins were positioned on replaceable inserts flush-mounted with the plate surface
(see Fig. 2). Steel polished inserts with smooth and perforated surfaces were used in
experiments on visualization of the limiting streamlines and pressure measurements,
respectively. The pressure orifices 0.5 mm in diameter were located in four sections: one
longitudinal section along the plate centerline and three cross-sections at distances of 46,
79, and 112 mm from the leading edges of the fins.

A textolite insert was used for heat-transfer measurements. The insert surface was
covered with current-conducting film of special graphite paste ~0.1 mm thick. Eighty




chromel-coppel thermocouples with wire diameter of 0.2 mm were installed under the
film and a thin layer of electroinsulating varnish. Thermocouple coordinates were
analogous to the coordinates of the corresponding pressure orifices. Cables for electric
current supply were located along the leading and trailing edges of the film.

2.2. Instrumentation and Technique

2.2.1. Surface Flow Pattern Visualization

Visualization of the limiting streamlines on the model surface was performed using
a 10-15% mixture of lampblack and transformer oil. To increase the contrast of obtained
photos the model was covered with white paint, while the amount and concentration of
the oil-lampblack mixture were chosen individually for each configuration. For
convenience, the plate was mounted in the vertical position, which led to a certain
asymmetry of the visualization picture with respect to the longitudinal axis of the model
due to gravitational force effect on the oil-soot mixture accumulated at the central
separation line. Special studies showed that this influence becomes much more significant
in the downstream direction along the considered line as the run time is increased.
Topological schemes presented below take into account these optical distortions, as well
as those caused by the fin three-dimensionality, which were eliminated to the largest
possible extent in computer processing of the visualization patterns photographs. The
photographs of surface flow pattern are presented in the Appendix 1.

2.2.2. Surface Pressure and Heat Transfer Distributions Measurements

The pressure distribution was measured by silicon integral membrane pressure gages
and group manometers of class 0.5 (with the measurement range of 0-0.1 MPa). The
pressure orifices coordinates together with the measured pressure values are tabulated in
the Appedix 2.

The heat transfer coefficients were measured by a calorimetric technique suggested
in [49]. A steady adiabatic temperature of the film 7y, and a steady temperature of the
heated surface T, (after supplying the electric current to the film) were measured in the
course of experiment. Electric power supplied to the film was calculated from the
measured values of current and voltage. The ratio of this power to the film surface
determines the mean heat flux g, entrained from the film. The value of the heat transfer
coefficient C, was determined as

C=q/(Ty-Tay) .

Here g = kxqn, where k is a coefficient individual for each thermocouple, which is
obtained by means of prior calibrations and takes into account the effect of possible
inhomogeneity of the current-conducting film. The employed technique for determining
the heat transfer coefficients was justified only for films with rectangular planform,
therefore, the number of thermocouples in cross-sections of a heat-insulated plate was
smaller than the number of pressure orifices. Thermocouples coordinates together with
the measured heat traansfer coefficient values are tabulated in the Appedix 3.




The measurement error of surface pressure P was £0.5%, and the maximum error of
the relative quantity P/P; did not exceed 10%. The random measurement error of the heat
transfer coefficients, which was caused by the measurement errors of temperature, heat
flux and individual coefficients k, being recalculated in the nondimensional form C/C,;
could reach 5% of its local value. Systematic errors caused by the heat flux losses for
radiation and heat overflow are estimated as about 10%. (Here and below P; and C,; are
the pressure and heat transfer coefficients measured on the plate surface in the free stream
undisturbed by the shock waves for x = 0 and 30 mm, respectively).

3. SYMMETRIC INTERACTIONS

Obtained on the basis of careful analysis of the oil-film visualization, the
topological schemes of the limiting streamlines on the plate and fin surfaces together with
the pressure and heat flux distributions on the plate allow one to refine substantially the
specific features of flows under consideration. The schemes analyzed below are in
qualitative and quantitative agreement with the limiting streamlines registered on the
photographs. _ :

In all considered cases, the flow at the entrance of the channel formed by two fins is
determined by the interaction of glancing shock waves, generated by the fins, and a
turbulent boundary layer on the plate. The main features and regimes of its development
up to the region of secondary flows arising near the model centerline are similar to those
typical of one isolated fin, which was previously studied in detail in [50-53]. In all
topological schemes (Figs. 3-5, 8, 9, 11) the letter "a" refers to the limiting streamlines on
the side surfaces of the upper (left with respect to the flow) fin, the lefter "b" to the flow
patterns on the plate surface. Since the flow patterns on the surfaces of both fins are
almost identical for the symmetric interactions, we present here the schemes for only one
(upper) fin, all its faces being sweeped into a single plane. The letters in the figures
denote: "S" - separation lines (convergence of the lampblack-oil mixture), "R" —
divergence lines (flow reattachment), "U" — lines of pressure growth beginning (upstream
influence lines), singular points (saddles, nodes, and foci) are denoted by "C", "N", and
"F", respectively. The arrows indicate the local flow directions. A

For the case B; = B, = 7° and M,, = 3 (Fig. 3, b) the non-separated flow behind the
fins is characterized by a smooth turning of the limiting streamlines towards the channel
axis along the inviscid shock traces (dashed lines). These lines asymptotically approach
each other to form a narrow zone of parallel motion, a convergence zone. For simplicity,
some limiting streamlines reaching this region are conventionally terminated in the
figures. A local (singular) separation arises only in the immediate vicinity of the leading
edges of the fins in saddle points C (Fig. 3, ¢) with flow reattachment in node points N
which can shift from the plate to the side surfaces of the fins as B increases. Separation
lines §; and S, emerging from the saddle points degenerate into convergence zones in the
region of 3-D secondary flows.

The mutual influence of the fins starts to manifest itself when the lines of pressure
growth beginning U (shown by thin dash-dotted lines in Fig. 3, b) merge. These lines are
accompanied by the curvature of streamlines induced by shock waves. A characteristic
throat is formed near the calculated point of shocks intersection. Practically all limiting
streamlines captured by the channel entrance cross-section are compressed and enter this
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throat. Secondary separation lines S5 and S, are formed due to the interaction of intense
secondary flows arising at the fin base with the flow passing through the throat. It should
be noted that the character of these lines is similar to open separation, when the
separation lines contain only regular points and do not start in singular points [54]. The
overall flow pattern near the first intersection of shocks is analogous to that registered in
similar conditions for fins with flat side surfaces [22, 24, 28]. Distributions of the skin
friction coefficient C; measured in these works reveal its dramatic decrease along the
symmetry axis when the flow passes through the throat. Its value does not reach zero,
however, which proves the absence of the boundary layer separation in this region. At the
same time, some signs of formation of an asymmetric separation region were found in
these experiments behind the throat ahead of the calculated point of secondary
intersection of shock waves reflected on the fin surfaces (Fig. 3, b). This separation
region is similar to that arising in an extended 3D-compression inlet at the early stage of
its choking [3, 7]. The topological scheme of the limiting streamlines near this region
(Fig. 3, d) is characterized by two saddle points C; and C, and two foci F; and F,. Such a
combination of singular points is associated with the formation of a pair of tornado-
shaped vortices propagating downstream from points F; and F, [55, 56]. It can be
assumed that the increasing channel blockage by these vortices under the conditions of
growing central separation region is one of important factors that favor the channel
choking. A qualitatively similar flow picture was obtained in the region of the first
calculated intersection of shock waves after their interaction with a fairly thick boundary
layer (8 = 30 mm, b/3 = 10.5) at the stage preceding the channel choking with M., = 3.44
and B, = B, = 9° [19]. The same features are typical of the choking stage of convergent
inlets studiéd in [2]. Figure 4 shows a scheme corresponding to thé complete channel
choking, which was obtained for §; = B, = 15° and M,, = 3. It is seen that the topology of
the limiting streamlines on the plate in this case (Fig. 4, b) is similar to that considered
above. It is characterized by the presence of two saddle points C; and C, and two foci F,
and F,. Simultaneously, in this situation the separation lines §; and §,, emanating from
the saddle point C}, are formed in front of the channel entrance, and a complete blockage
of the channel by the separation region is observed. There are two reattachment lines R,
and R, near the fin base, along which the flow reattachment can occur.

The patterns of the limiting streamlines on the side surfaces of the channel formed
by two fins have some additional features. Narrow 3D separation regions, bounded by the
lines of separation S5 and reattachment Rs, with the maximum width of 5-6 mm are
formed at M, = 3 and B; = B, = 7° (Fig. 3, a) at a certain height from the fin base in the
region of calculated place of incidence of secondary "inviscid" shocks onto the fin
surface. For an inviscid flow over the side surface with the Mach number M, = 2.66 the
calculated pressure ratio in the secondary and reflected shocks incident onto it is Py/P, =
2.4. According to [7, 51], this value is quite sufficient for an onset of turbulent boundary
layer separation, since in the present conditions it is higher than the critical shock strength
&* = 2.32. The curvature of lines S5 and Rs in the upper part and the upstream flow
orientation inside the separation region bounded by these lines are caused by tip effects
due to finite fin height. There is no boundary layer separation on the side surface near the
plate, and the limiting streamlines are only slightly curved near the boundaries of a system
of compression waves, which are shown by the dashed lines. Like in the case of isolated




fin [52], these compression waves are formed in the base of the shock wave incident onto
the fin face, due to the shock/boundary layer interaction on the plate. In the case under
consideration, their strength is insufficient to cause the boundary layer separation. As it
follows from the above cited work, as the shock wave strength increases, it base is
transformed to a A-configuration of shocks separating the boundary layer. Under these
conditions the upstream-curved separation line Ss (Fig. 3, a) should extend ahead of the
A-configuration as far as to the plate surface. Exactly this typical shape of the separation
line S5 is observed in the case of channel choking (Fig. 4, a). This explanation of the
separation -line shape near the fin base makes clearer the concept [45], wherein similar
features in a streamwise corner are associated with a separation-prone 3D boundary layer
formed at the junction of surfaces. The upward deviation of streamlines from the line of
‘wedge/plate junction, observed in Figs. 3, a and 4, g, is related to the influence of low-
scale streamwise vortex formed here, which was found in [53] near the isolated fin base.

An increase of the free-stream Mach number to M,, = 3.9 affects significantly the
evolution of considered flows with changing B. For B; = B, = 7° (Fig. 5, b, ¢) the limiting
streamlines on the plate surface, entering the throat near the first intersection of shocks,
propagate without separation to the region of their second intersection. Being compressed
in the throat, these lines diverge a little and then converge again to a certain downstream
asymptotic separation line together with secondary separation lines $3 and S which cover
this region. The pressure distribution along the model centerline in this case (Fig. 6, a) is
practically the same as for an isentropically converging supersonic stream tube. As we
move downstream from the intersection point of the upstream influence lines (x = 46-48
mm), its gradual increase is observed, and at x > 140 mm the calculated pressure level
behind the crossing shocks in an inviscid flow is almost achieved (1t is shown by the
horizontal dashed line).

The character of pressure distribution in cross-sections I, II, and III, corresponding
to x = 46, 79, and 112 mm (Fig. 5, b), is illustrated in Fig. 6, b—d (lower curves). The
vertical sections in these figures show the side faces of the fins. The thin dashed lines
indicate the calculated pressure distributions for an inviscid flow. It is seen (Fig. 6, b) that
in cross-section I, which is located slightly upstream of the crossing point of the lines of
pressure growth beginning, the measured pressure distribution (lower curve) corresponds
to that for two isolated fins located symmetrically about the centerline, and the pressure
level increases gradually in secondary flow regions formed near the fins. In cross-section
II (Fig. 5, b) the flow is compressed between the shocks in the region of streamlines
converging to the axis, and a region of elevated and nearly constant pressure appears (Fig.
6, c). Finally, in cross-section III an explicit pressure peak is formed at the centerline
(Fig. 6, d) behind the throat, where the streamlines slightly diverge (Fig. 5, b).

In the case under consideration (B, = B, = 7°, M, = 3.9) the heat transfer coefficient
C, in the interaction region 46 < x < 140 mm (Fig. 7, a) remains practically constant on
the background of gradually increasing pressure along the model centerline (Fig. 6, a).
Obviously, an intense thickening of the boundary layer in this region due to flow
convergence from the fins to the axis compensates for the influence of increasing
pressure. Under the conditions of constant pressure for x < 46 mm a natural downstream
increase of the boundary layer thickness on the plate causes a gradual decrease of C,/C,;.
A negative gradient in the C,/C,; distribution revealed for x > 145 mm is connected with

12




the influence of expansion waves at the end of the channel, which originate on the
inflections of the side surfaces of the fins. According to the measurements in cross-
sections I-III (Fig. 7, b—d, lower curves), the lowest values of C,/C,; are observed in the
elevated-pressure convergence region formed along the centerline, and then C/C,
increases towards the fins. A similar heat transfer minimum on the background of
pressure maximum was registered in the vicinity of the streamwise convergence region
formed behind symmetrical skewed steps [57].

The character of the limiting streamlines on the side surface of the fin in the case
under consideration (Fig. 5, a) is qualitatively similar to that discussed previously for M,
=3 (Fig. 3, a). As the Mach number increases, the separation region bounded by lines S's
and Rs slightly decreases in length and it shifts to the channel throat in accordance with
the calculated incident shock position. The region of compression fan near the plate
(dashed lines), where a typical curvature of streamlines is observed, becomes significantly
wider.

As the fin angle is increased up to B, = B, = 11° at M, = 3.9 (Fig. 8), separation
regions, that existed previously at a certain distance from the leading edges, turn to
separation lines S and S, (Fig. 8, b), and clear reattachment lines R; and R, appear on the
plate near the fin base. These features testify to gradual transformation of secondary
flows into separated flows [4, 7] and to an increase in intensity of transverse flows
directed to the axis. The throat formed between the lines S; and S, becomes narrower, and
the flow expanding behind the throat and directed along the symmetry axis is decelerated
slightly upstream of the point of the first intersection of the shocks. The topological
scheme in Fig. 8, b, c is associated with the emergence of a non-closed central separation
region of the "horse-shoe" vortex type [55, 56], whose separation surface begins from the
convergence lines S5 and Ss propagating from the saddle point C;. The node point NV,
located downstream gives birth to the streamwise reattachment line Rs of limited length,
which gradually degenerates behind the separation region into a dividing streamline along
the axis in the region of meeting transverse flows. The character of the flow around the
side inflections of the fins at the entrance of a constant-width half-channel is partly
determined by the influence of expansion waves emanating from these inflections, which
are not shown in the figure for the sake of simplicity. Obviously, the influence of these
waves favors a more intense motion of the near-wall flow towards the faces. Following
[58, 59], these expansion waves also favor the curvature and amplification of shock
waves of the opposite family, generated by the fins, which enter the chanel. The limiting
streamlines upstream of repeatedly crossing shocks deflect towards the axis without any
signs of separation formed in this region. A qualitatively similar topology of the limiting
streamlines in the separation region formed in the vicinity of shocks intersection was
registered in [22, 24, 28] under the same conditions for fins with flat side surfaces.
Special attention should be paid to a principal difference in topological features of the
examined separated flow from the regimes of incipience and complete channel choking
typical of lower Mach number, which points to different "scenarios" of their
development.

The pressure distribution along the centerline under the considered conditions (B; =
B, = 11°, M, = 3.9) shows the origin of a typical pressure plateau between the singular
points C; and NV, inherent in separated flows (Fig. 6, a). The relative pressure here is
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close to the plateau value P,/P; ~ 3 calculated for 2D separation for the considered value
~ of M, [7]. In this case, the separation region formation is quite regular here, in contrast to
the situation B; = B, = 7°. A more intense pressure growth is observed again behind the
point IV}, reaching the maximum value, equal to the calculated one behind the intersection
of inviscid shocks, at x ~ 130 mm. Further downstream a dramatic pressure decrease is
registered with a minimum at x ~ 145 mm, which is caused by expansion fans induced by
the fin surface inflections. A repeated increase in pressure is then observed near the
second intersection of shocks.

The pressure distributions in cross-sections I, II, and III are presented in Fig. 6, b-d
(middle curves). Its qualitative character is similar to the previously considered case B; =
B, = 7° (lower curves), but the pressure level is higher. The pressure peaks in cross-
section II (x = 79 mm) roughly coincide with the separation lines $; and S, that embrace
the separation region (Fig. 8, b). The maxima observed in cross-section III (x = 112 mm)
correspond to the reattachment lines R, and R, near the fins at points z ~# + 10 mm, and to
the central reattachment line R; at point z = 0.

A vast separation region bounded by lines $; and R; is formed on the fins behind the
side surface inflections at B; = B, = 11° (Fig. 8, a). The behavior of the limiting
streamlines allows one to assume the existence of singular points: saddle C, and focus Fj.
We can suppose that a vortex propagates downstream over the surface from the point F;.
These features are more clearly revealed at further stages of evolution of these flows,
which are analyzed below.

The schemes of the limiting streamlines corresponding to the case B; = B, = 15°, M,,
= 3.9 are presented in Fig. 9. A developed separation is formed at the channel entrance in
these conditions. This is evidenced by the upstream influence lines U (Fig. 9, b)
approaching the separation lines S; and S,, which is typical of separation flows near
isolated fins [7, 51]. A narrow throat is preserved between the lines S and ;. A large-
scale central separation region bounded by separation lines 5 and S is formed behind
this throat (Fig. 9, b, ¢). The saddle point C; and the node NNV, are located upstream of the
first calculated intersection of shocks. The lines of secondary separation S3 and S,
propagating from the fins, merge with lines S5 and S approximately in the middle of the
central separation region and are entrained together downstream along the symmetry axis.
Additional separation lines 7 and Sy are clearly seen on the plate surface. These lines are
caused by the action of internal shocks reflected on the side surfaces. It can be assumed
that the appearance of these lines can be also favored by additional shocks caused by flow
overexpansion in expansion waves propagating from fin inflections. The behavior of
streamlines behind the corner points does not contradict this conclusion.

The pressure distribution along the symmetry axis in the examined case (B; = B, =
15°, M, = 3.9) is characterized by a plateau region behind the saddle point C; (Fig. 6, a)
inherent in developed separated flows. A pressure maximum is formed behind the node
point NV}, the pressure level there almost reaches the calculated inviscid value behind the
first intersection of shocks. A rapid decrease in pressure is then observed due to
expansion fans propagating from the surface inflections, and its repeated increase caused
by the action of shock waves reflected on the side surfaces (see Fig. 9, b). The heat
transfer coefficient distribution has approximately the same character (Fig. 7, a). At the
same time, a typical feature is the formation of an explicit heat flux peak in the supposed
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node point Ny, which elucidates its position, and a section of its gradual decrease at x =
70-82 mm. In the region x ~ 90—110 mm, where a distinct pressure peak is formed, the
distribution of C,/C,; has a more complicated character. ,

The distributions of relative pressure and heat transfer coefficient in cross-sections
I, II, and III are shown in Figs. 6, b—d and 7, b—d (upper curves), respectively. The
pressure maximum (Fig. 6, b), which appears at the centerline (z = 0) in cross-section I (x
= 46 mm), corresponds to the flow compressed in the throat (Fig. 9, b). No specific
features are observed in the heat transfer distribution in this region (Fig. 7, b). The
pressure and the heat transfer intensity increase dramatically towards the fins. The high-
pressure region observed in cross-section II (x = 79 mm) near the axis (Fig. 6, ¢)
corresponds to the central separation region. The pressure level is significantly lower here
than its calculated inviscid value behind the crossing shocks (dashed line). The pressure
mimima at z ~ 6-7 mm correspond approximately to the separation lines S and S, that
cover the central separation region (see Fig. 9, b, ¢), and additional maxima are formed at
points with coordinates z ~ £10 mm near the reattachment lines R, and R,. The heat
transfer intensity increases also in the direction from the axis to these reattachment lines
(Fig. 7, ¢). In cross-section III (x = 79 mm) the pressure attains the maximum value at the
dividing streamline formed on the axis behind the separation region (Fig. 9, b) and
drastically decreases at z ~ £10 mm due to the influence of expansion waves propagating
from the side surface inflections (Fig. 6, d). When approaching the fins, a repeated
growth of pressure is observed behind the separation lines §; and Sg in the influence
region of secondary shocks reflected on the fin surfaces. The heat transfer coefficients
also decrease dramatically in the influence region of expansion waves (Fig. 7, d).
Contrary to pressure, a heat transfer minimum is formed on the central ‘dividing line.

The topological flow scheme on the side surface of the fin for the considered case
reveals a larger separation region between the separation line Sy and reattachment line R,
(Fig. 9, a) that for B; = B, = 11°. Obviously, this is primarily caused by increasing
strength of the shocks incident onto the fin surfaces. It can be also assumed that the
observed growth in the absolute scale of separation is also caused by a prior action on the
boundary layer of more intense expansion fans propagating from the surface inflections,
like in the flow over backward-facing steps with inclined faces [60]. According to that
paper, the suppression of turbulence by expansion waves (relaminarization) in the near-
wall part of the boundary layer immediately ahead of the shock favors a significant
increase in separation scales. The character of the limiting streamlines testifies also to the
existence of three more singular points (saddles C,, C;, and node N,) near the fin base,
apart from the focus F). These features point to the growth in intensity and scale of the
vortex that should appear at point Fj.

The above considered structure of the limiting streamlines in the central large-scale
separation region in the vicinity of shocks merging for f§; = B, = 15°, M, = 3.9 turned out
to be identical to that observed in [19, 21, 25] under similar conditions near the fins with
flat side surfaces for a larger width of the channel entrance (b = 96.3 mm). A quantitative
comparison of obtained pictures of the limiting streamlines with those presented in the
above cited works revealed a complete coincidence in scale, shape, and character of the
limiting streamlines in this region. This circumstance is extremely important because it
proves a good reproducibility and reliability of the typical topological schemes for
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considered flows obtained in different experiments. Taking this into account, as well as
practically identical values of M, Re;, B, and boundary layer thickness & at the channel
entrance, the joint analysis of quantitative data obtained in different wind tunnels seems
reasonable and important.

Figure 10 shows a comparison of the pressure and heat flux distributions measured
along the model centerline with the pressure and skin friction distributions obtained in the
above cited works. The origin of x, was chosen in the calculated point of the first
intersection of shocks. A complete coincidence is observed for the measured pressure
distributions (Fig. 10, a) from the beginning of the interaction region up to x; = 30 mm,
where the difference in model geometry (the presence or absence of inflections of the side
surfaces of the fins) starts to manifest itself. Since the pressure and heat flux
measurements in ‘cross-sections are not available in these works, it is not possible to
perform a more detailed comparison with results obtained. At the same time, it is seen
that an additional heat flux maximum found in these studies corresponds to the position
of the node point N; (Fig. 10, a) with only a tendency to the formation of pressure peak
but clearly registered Cy= 0 (Fig. 10, ). According to the cited works [22, 24, 28], it is
supposed that the flow separated at the saddle point C;, where the skin friction also tends
to zero, reattaches at this place on the symmetry axis. The character of heat transfer
behind the point Ny supports the existence of a region of weak decrease in skin friction at
x; > 0 with its subsequent dramatic increase. A comparison of results of different
experiments proves their reliability and the correspondence of behavior of various
parameters to the typical topological flow scheme considered above. This gives grounds
for further use of the considered experimental data as a credible basis for verification of
numerical methods. ' . '

Situations considered above (Figs. 3, 5, 8, and 9) allow one to analyze the flow
topology under the conditions without separation or obvious existence of the central
separation region near the first intersection of shocks. The picture of the limiting
streamlines obtained for §; = B, = 11°, M, = 3 (Fig. 11) describes the intermediate stage
of their development. Under these conditions, the limiting streamlines passing through the
throat near the symmetry axis (Fig. 11, ) do not show a saddle point associated with
separation, but form only a streamwise reattachment line R, which was also registered in
the case of developed separation. The shape of a typical flow region bounded by the
merging separation lines S, S; and S,, Sy is similar to the early stages of the central
separation region (Fig. 8, b). A qualitatively similar pattern was obtained in analogous
conditions in [12, 17, 18, 28], and in the vicinity of a conical generator of the incident
shock [61], where only a node point of a source type was registered. However, these
properties are not interpreted in the above works.

The measurements performed in [24, 28] for the case under consideration (Fig. 11)
show that the skin friction near the calculated point of the first intersection of shocks is
close to zero, which corresponds to incipient separation. On the basis of analysis
performed in [7] and generalization of experimental data for various types of separated
flows, it can be assumed that the reason for the observed properties of the limiting
streamlines are unsteady effects under the conditions of incipience and evolution of an
intermittent separation. According to this work, the oil-lampblack mixture at early stages
of separation formation for skin friction values close to zero does not feel the influence of
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the weak reverse flow region, which exists for a very small period of time, and does not
register the arising separation lines or points, penetrating downstream from the interaction
region. The separation line appears at a later stage of steady separation development when
the reverse flow exists for more than 50% of time, which corresponds to the intermittency
factor values y > 0.5. As is shown in the cited work, the pressure in the plateau region
being formed reaches the values calculated for a developed 2D separation for the first
time. The mean pressure distributions along the centerline presented in [22, 28] show that
for M, = 3 these conditions arise at B; = B, = 11°. The measurements of fluctuations of
the surface pressure and temperature [12, 13] confirm the governing role of significant
unsteadiness found in the regions under consideration. Thus, unsteady effects under the
conditions of intermittent separation can be the reason for the absence of singular points
or the violation of a topological rule valid for steady flows [55, 56] which claims that the
saddle points in examined local regions should be compensated by nodes and foci.

The pictures of the limiting sfreamlines on the side surfaces of the fins for B; =, =
11°, M, = 3 are determined by shocks twice incident on them (Fig. 11, a). The boundary
layer separation was found in each interaction region. The first, more extensive separation
region is bounded by the lines S5 and Rs, which have a saddle C; and focus F; closer to
the fin base. At the place of secondary .interaction the shock initiates on the side surface
of the fin only the second low-scale separation region bounded by the lines S and Rg.

A good agreement of various experimental data obtained in this work and by other
authors (Fig. 10) and reliability of the corresponding topological scheme (Fig. 9)
demonstrated above for B; = B, = 15°, M,,= 3.9 gives grounds for a more critical analysis
of today's calculations. The same Figure 10 compares experiments and numerical
calculations on the basis of averaged Navier—Stokes equations and various modifications
of the k-¢ turbulence model, which were performed previously in [39] for the geometry
considered in the present work and in [24, 31] for the geometry considered in the cited
papers [22, 28]. It can be stated that the calculated and numerical results on pressure
distribution are in good agreement (Fig. 10, a). The formation of pressure plateau is well
predicted, but the downstream pressure level is significantly overestimated. The above
mentioned weak decrease in skin friction at x; > 0 with its subsequent dramatic increase
(Fig. 10, b) was not predicted by numerical calculations [24] using the k-€ or Baldwin—
Lomax turbulence models. Later calculations [31] using the k-€ model demonstrate a
qualitative tendency in this region similar to experiment, though do not coincide with
experiment within the mentioned accuracy. It should be noted that a satisfactory
calculation of the heat transfer distribution has been possible yet only for B; = B, = 7° [39,
40]. The considered situation has not been predicted with acceptable accuracy, and there
is a tendency to significant overprediction of the heat flux level in comparison with
experiment, as the shock strength increases.

4. ASYMMETRIC INTERACTIONS

The pictures of the limiting streamlines on the model surface for the asymmetric
interaction case B;xPB, = 7°x11° and M,, = 3.9 are shown in Fig. 12. All faces of the first
(upper) and second (lower) fins (Fig. 12, a and 12, ¢, respectively) are developed into one
plane. Like in the case of symmetrical interactions, the flow at the entrance of the channel
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formed by two fins (Fig. 12, b) is determined by the interaction of glancing shock waves,
generated by the fins, and a turbulent boundary layer on the plate, similar to the influence
of two isolated fins. The traces of shock waves on the surface, corresponding to inviscid
flow are shown hereinafter by dashed lines. The mutual influence of the fins starts to
“manifest itself when the upstream influence lines U (shown by thin dash-dotted lines in
Fig. 12, b) merge. These lines correspond to the beginning of streamlines curvature ahead
of shock waves. Behind the intersection point of the lines U, the separation lines .S; and
S, propagating from the fin vertices form a characteristic throat. Practically all limiting
streamlines captured by the channel entrance cross-section are compressed and enter this
throat. Secondary separation lines S5 and S, are formed due to the interaction of intense
secondary flows arising at the fin base from the divergence (reattachment) lines R; and
R,. The limiting streamlines themselves diverge to form a streamwise reattachment line
R; that degenerates downstream into a dividing streamline. This line is the boundary
between the flows propagating from the fins near the surface. Because of asymmetry of -
examined configuration, the near-wall flow passing through the throat deflects from the
channel centerline (shown by a thin dash-dotted line) to the region of lower pressures near
the fin with smaller angle and extends the influence zone of the flow propagating from
the lower fin with larger angle. The character of the flow past the side inflection of the
lower fin is partly determined by the action of expansion waves propagating from it,
which are not shown in the figure for simplicity. These waves favor a more intense
motion of the near-wall flow towards the face. As shown in [58, 59], these expansion
waves also favor the curvature and amplification of the shock wave of the opposite
family, generated by the upper fin, which enters the channel. This effect appreciably
stimulates the separation development as this shock interacts with the boundary layer on
the side surfaces of the fins in the case of symmetrical interaction. .

The character of the limiting streamlines penetrating through the throat above the
channel centerline (Fig. 12, b) testifies that the considered flow regime under the
conditions of asymmetrical interaction is transient in comparison with that registered at a
similar Mach number for.symmetrical interactions ; = = 7° and B; = B,=11° (Fig. 5
and 8) . In the first case the streamlines, having passed through the throat without signs of
separation, only weakly diverged behind the intersection point of the shock waves. In the
second case a saddle point was formed at the throat exit, and a node point was formed
slightly downstream. A streamwise reattachment line, similar to R;, emanated from this
node point. These features are associated with the existence of a steady separation in the
flow passing through the throat. A picture of the limiting streamlines similar to the
asymmetrical case under discussion was registered for $;xp, = 11° and M,, = 3 (Fig. 11).
Its features were explained by the influence of unsteady effects inherent in conditions of
incipience and evolution of an intermittent separation that comes prior to the steady
separation. Under these conditions the oil-lampblack mixture does not feel the influence
of the weak reverse flow from the node to the saddle point, which exists for a period of
time less than 50%, and does not register the arising separation lines or points. Because of
that, the pattern of the limiting streamlines is characterized only by the presence of a
streamwise reattachment line. Taking into account similar feature in the case under
consideration (Fig. 12, b), we can assume the existence of a non-separated flow passing
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through the throat or of only an intermittent separation. This assumption is confirmed by
the analysis of pressure distribution on the plate surface, presented below.

The pressure distributions along the channel centerline (Fig. 13, @), as well as in
three cross-sections x = 46, 79, and 112 mm (Fig. 14, a—c) presented for comparison with
data for symmetrlcal interactions at B; = B, = 7° and 11° and Mach number M., = 3.9
characterizé additional specific features of the examined flow. The relative surface
pressure along the channel centerline, which for B;xB, = 7°x11° is in the lower fin
influence zone (Fig. 12, b), increases monotonically (Fig. 13, a) from the line U
approximately to the intersection point of inviscid shocks (46 mm < x < 100 mm). Its
further more intense growth for x > 100 mm is caused by repeated pressure increase
~ behind the crossing shocks. The maximum at point x ~ 138 mm corresponds to the
reattachment line R,. Then a decrease in pressure is observed up to x ~ 145 mm, which is
caused by expansion waves propagating from the fin surface inflection, and then the
pressure increases again behind the trace of the shock reflected on the fin surface.
Approximately the same character is observed in the relative heat transfer coefficient
distribution C,/C,; (Fig. 15, a). At the same time, contrary to increasing pressure after the
minimum at x = 145 mm, the heat transfer continues decreasing in this region.

It should be noted that the heat transfer intensity increases in the region x ~ 90-112
mm, as compared with x ~ 46—90 mm, on the background of gradually decreasing rate of
pressure growth with the formation of a plateau at x = 90-100 mm (Fig. 13, a). The
analysis of the character of limiting streamlines reaching the channel centerline (Fig. 12,
b) shows that as the streamwise coordinate increases, their length changes differently in
these regions. In the region x ~ 90~112 mm, due to the existence of the reattachment line
R,, which is an effective beginning of secondary flow, the streamline length decreases
noticeably faster than for x ~ 46-90 mm, where the secondary flow extends from the fin
surface. It can be assumed that these features in changing secondary flow length are one
of the reasons for a more rapid growth of the heat release in the first region, as compared
with the second one.

The relative pressure and heat flux distributions in cross-sections I, II, and IIT (Fig.
12, b) corresponding to x = 46, 78, and 112 mm, are illustrated in Figs. 14, a—c and 15, b—
d together with the measurement result for symmetrical configurations p; = p, = 7°, 11°,
and 15°. The vertical sections in figures for pressure distributions show the side faces of
the fins. The pressure distribution in cross-section I (Fig. 14, a) completely coincides in
the asymmetrical case with that obtained on symmetrical models for the corresponding
values of angle § up to the point of intersection of the upstream influence lines U in the
vicinity of different fins. The positions of minima in cross-section II (Fig. 14, b) for an
asymmetrical configuration roughly coincide with the secondary separation lines S5 and
S, between which the flow is compressed, like in symmetrical cases. The pressure
maximum for z * 4 mm acquires an intermediate value in comparison with analogous
symmetrical situations. Near the corresponding fins for z > 16 mm and z < -11 mm the
pressure distributions are the same for symmetrical and asymmetrical configurations. In
cross-section III (Fig. 14, c) the pressure for an asymmetrical configuration acquires, on
average, an intermediate value between the corresponding symmetrical situations. The
reattachment line R; for z ~ 8.6 mm corresponds to pressure maximum, and the separation
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line S, for z ~ 4 mm to pressure minimum. It is seen that the pressure distribution in the
vicinity of different fins behind the calculated intersection point of inviscid shock waves
is almost symmetrical with respect to the minimum point. As it follows from Fig. 15, b—d,
contrary to the case of symmetrical interaction, the heat transfer intensity increases in the
studied regions for B;xB, = 7°x11° in the direction from the fin with smaller angle to that
with larger angle. A small number of measurement points in the asymmetrical case does
not allow for a more detailed analysis of specific features of pressure distributions.

On the basis of above-considered pressure data it is possible to analyze qualitatively
the evolution of the near-wall flow passing in an asymmetrical configuration through the
throat formed by the limiting streamlines (Fig. 12, b) in comparison with a symmetrical
case. It follows from results for three cross-sections at ByxP, = 7°x11° that the pressure
distribution along the centerline shown in Fig. 13, g has hardly any differences from the
flow passing through this throat and then along the reattachment line Rs in the region 46
mm < x < 100 mm. It is seen that the flow character is very similar to that registered for
symmetrical interaction at M,,= 3.9 and 8, = B, = 7° (Fig. 5), where no signs of separation
were found. In this case the saddle point C; and node N; appear in the flow penetrating
through the throat only when fin angles are §; = B, = 11° (Fig. 8, b) when the relative
pressure in the region of plateau originating between them (Fig. 13, a) reaches the critical
value calculated for 2D separation. For the value of M., under consideration it is Py/P1=3
[7], which corresponds to the formation of steady separation in these conditions.

Thus, the data obtained on pressure distribution confirm the conclusion drawn above
on the basis of analysis of the limiting streamlines that there is no steady large-scale
separation of flow passing through the throat between the fins in the examined case of
asymmetrical interaction. Taking into account higher pressure fluctuations behind the
point of crossing shocks, which was registered in [13], a considerable influence of
unsteady effects is obvious in this region. They can appreciably affect the topology of the
limiting streamlines at the stage of incipience of intermittent separation.

' The limiting streamlines on the internal side surfaces of the fins have some features
qualitatively similar to those registered for symmetrical configurations (Fig. 12, a, ¢). 3D
separation regions bounded by the separation lines Ss, Se and reattachment lines Rs, Rg
are formed on the fin faces at a certain height from their bases near the place of incidence
of "inviscid" shock waves propagating after crossing. Separation region length on the
upper fin in the interaction region with a more intense shock is much larger than on the
lower one. It should be noted that the separation region size can be also determined by a
number of other factors to be analyzed below. The curvature of separation and
reattachment lines with distance from the plate and an upward flow orientation in
separation regions bounded by these lines are caused by tip effects due to finite length of
the fins. There is no boundary layer separation on the side surfaces near the plate, and the
limiting streamlines are only slightly curved near the boundaries of the system of
compression waves shown by dashed lines or near a sequence of shocks formed at the
base of shock waves incident to the side faces due to the shock wave/boundary layer
interaction on the plate. In the case under consideration their strength is insufficient to
cause the boundary layer separation. The character of the limiting streamlines on the
upper face (Fig. 12, a) points to the existence of singular points: saddle C; and focus Fj.
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Topological schemes of the limiting streamlines on various surfaces for fixB; =
7°x11° under the conditions of lower Mach number M,, = 3 are shown in Fig. 16. The
structure of streamlines on the plate (Fig. 16, b) is qualitatively similar to that considered
above for M, = 3.9. At the same time, an increase in inclination angles of shock waves
propagating from the fins favors the formation of a throat between the separation lines S
and S, closer to the channel entrance. The streamwise reattachment line R; appears in
immediate vicinity of the separation line S, penetrating through the throat, and the flow
effusion in the opposite directions from this line is more intense in comparison with the
previous case. The behavior of the limiting streamlines at the beginning of the line R;
does not allow for unambiguous identification of singular points, and the pattern formed
resembles those considered above for M, = 3.9 and registered for f; = ,= 11° and M=
3 (Fig. 11). In the latter case, the absence of conditions for an onset of steady separated
flow is justified and it is concluded that, at best, an intermittent separation can exist.

The picture of the limiting streamlines on the face of the upper fin with an angle B;
- =7° at the place of incidence of the shock from the opposite fin with B, = 11° (Fig. 16, a)
is qualitatively similar to that registered for M., = 3.9. At the same time, a remarkable
feature in these conditions is the clearly registered periodic streamwise lines of separation
S and reattachment R, propagating to the separation region and downstream of it from
sequentially positioned saddle C and node N points, which are shown in the enlarged
inset of Fig. 16, a. Each singular point located on the reattachment line Ry is correlated
with an opposite point on the separation line S4. Saddle points are balanced by nodes,
which is in agreement with the known topological rule [55, 56]. These features are
associated with ordered vortex structures formed in the boundary layer, similar to Taylor—
Goertler vortices, and they were previously encountered in various cases of
shock/boundary layer interaction [9, 62-64]. In the case under consideration, signs of
. these vortices are clearly observed within the streamwise convex part of the reattachment
line Ry, and their step if 3-5 mm (Fig. 16, a). For simplicity, the signs of these structures
are shown in the figure only at the boundaries of the mentioned region.

Two separation regions bounded by the lines s, Rs and Sg, R¢ are registered on the
face of the lower fin at the place of incidence of two shock waves (Fig. 16, ¢). These
separation regions are substantially smaller in size than those on the upper surface. Very
weak signs of periodic streamwise vortices propagating downstream were observed only
behind the convex part of the line Rs.

An increase of the lower fin angle for B;xp, = 7°x15° and M,, = 3.9 favors the
increase in flow asymmetry (Fig. 17). Its typical feature, as compared with previously
considered, is the formation of the reattachment line R; on the plate in the region of
secondary flow propagating from the lower fin (Fig. 17, b). It is essential that clear
patterns of the limiting streamlines obtained in these conditions do not reveal the signs of
singular points upstream of this reattachment line, which are associated with an onset of
separation. The pressure distribution along the channel centerline together with the data
for symmetrical interactions with ;= B, = 7° and 15° and similar Mach number (see Fig.
13, b), which are presented for comparison, characterizes some additional features of the
flow under consideration. In accordance with Fig. 17, b, the centerline is in the influence
region of the flow propagating from the lower fin with larger angle. As the upstream
influence line U is achieved at x ~ 40 mm, the pressure in the interaction region starts to
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increase and in the region x ~ 50—80 mm becomes almost constant and equal to P/P; =
1.9-2.0. This value corresponds to the calculated pressure value in the plateau region
P,/P; = 1.9 in the separation region and near the lower isolated fin, which can be
calculated within the framework of 2D analogies [7] along the Mach number normal
component to the inviscid shock wake M, = M..-sine = 1.8 where € is the shock angle with
the free-stréam direction. Then the pressure increases again and reaches the maximum
value at x ~ 110 mm near the reattachment line R,. Its further decrease to a minimum at x
~ 133 mm is caused by the influence of expansion waves induced by the inflection of the
side surface of the lower fin. The next intense pressure growth with another maximum is
observed at 133 < x < 143 mm near the intersection of separation Ss and reattachment Rs
lines formed on the plate (Fig. 17, b). They obviously arise due to a shock wave reflected
on the upper fin surface and propagating to this region. The position of this shock is
different from that typical of inviscid flow and determined by viscous-inviscid interaction
effects. The behavior of the relative heat transfer coefficient along the channel centerline
in this situation (Fig. 15, ) is in qualitative agreement with pressure evolution, and its
level for x ~ 60—-115 mm is appreciably higher than for the case B;xf,=7°x11°.

The pressure distributions for the analyzed situation (B;xp, = 7°x15°, M, = 3.9) in
cross-sections I, II, and III for x = 46, 78, and 112 mm are presented in Fig. 14, d-f
together with the measurement results for symmetrical configurations ;= $,=7° and 15°
under similar conditions. The pressure distribution in cross-section I (Fig. 14, d) located
behind the intersection point of the upstream influence lines U for 6 < z < -6 mm
coincides with the corresponding symmetrical cases ;= p, = 7° and 15°. In cross-section
IT (Fig. 14, e) there is a pressure maximum on the reattachment line R; at z ~ 12 mm, and
the flow region bounded by the separation lines S5 and Sy (5 < z < 20 mm) is
characterized by an elevated pressure level. Approaching the reattachment line R, near
the lower fin base (z < -4 mm) the pressure dramatically increases. For an asymmetrical
interaction, the pressure level in cross-section II take intermediate values in comparison
with those typical of symmetrical configurations with §; = B, = 7° and 15°. In cross-
section III further from the pressure maximum near the reattachment line R, (z = 0, Fig.
17, b) the pressure level dramatically decreases as approaching the lower fin (z < 0) due
to expansion waves propagating from the side surface inflection (Fig. 14, f). The flow
effusion at z > 0 is accompanied by pressure decrease to a minimum at z ~ 10 mm and its
secondary growth in the direction towards the upper fin base, where the separation line Sy
is formed at z ~ 11 mm. Like pressure, the relative heat flux distributions for B;xp, =
7°x15° in cross-sections I-III are strongly asymmetrical, and their level increases in the
direction from the fins with smaller angle to that with larger angle (Fig. 15, b—d) within
the interval between the typical values for symmetrical interaction ;= B, = 7° and 15°. A
limited number of measurement points does not allow a more detailed analysis of specific
features of these distributions.

An additional analysis of the limiting streamlines on the plate in the examined
situation (Fig. 17, b) together with the above data on pressure distribution allows one to
explain the absence of singular points, associated with separation and subsequent
reattachment, immediately ahead of the reattachment line R;. It is seen that this
reattachment line is formed in the secondary flow propagating from the lower fin behind
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the separation line S, on the background of high initial pressure P/P;~ P,/P;= 2.0 typical
of it. The distribution of the current relative pressure P/P, between cross-sections I-III (x
= 40-110 mm) for a chosen characteristic limiting streamline, whose continuation is the
reattachment line Ri, is practically coincident with that registered for symmetrical
interaction for B; = P, = 7° shown in Fig. 13, ). This weak adverse pressure gradient is
insufficient to cause the boundary layer separation, contrary to cases $; = = 11° (Fig.
13, a) and B; = B, = 15° (Fig. 13, b), for which a sequence of saddle C; and node N;
points was registered. It can be also assumed that the expected high level of turbulent
fluctuations in the secondary flow propagating from the fin tip behind the line S2 also
hinders the onset of separation and singular points.

The topology of the limiting streamlines on the side surfaces of the fins in this
situation (Fig. 17, a, ¢) is determined by the interaction of shock waves of various
strength with boundary layers developed on them. A stronger shock incident onto the face
of the upper fin (Fig. 17, a) initiates a large-scale separation region bounded by the lines
Ss and Rs;. The separation line Ss extends almost to the plate, since the intensity of
disturbances near the lower fin base becomes sufficient to cause separation. In addition to
previously noted singular points C; and Fj, a node N and saddle § were found. Specific
features of the flow around these points are shown in the enlarged fragment in Fig. 17, a.
Very weak signs of periodic streamwise vortices with a step of 5.5-6 mm were registered
behind the line Rs. They are not shown for simplicity. A local separation is formed
between the lines 7 and R;, where a weaker shock from the leading edge of the upper fin
in incident onto the lower surface (Fig. 17, ¢). It should be noted, however, that the
formation of this region is also determined, apparently, by the influence of rather strong
disturbance$ propagating from the upper surface, which arise in the course of viscous-
inviscid interaction on this surface. As noted above, they are the reason for the
appearance of the separation line S5 on the plate. The signs of streamwise periodic
vortices downstream of this local separation region are very difficult to distinguish.

The topological schemes of the limiting streamlines for B;xf, = 7°x15° and Mach
number M, = 3 are presented in Fig. 18. In this case the flow on the plate (Fig. 18, b) is
more complex than in the above cases. The scale of the characteristic region bounded by
the converging lines S}, $, and additional separation line S, substantially increases. The
secondary flow from the lower fin penetrating into this region is decelerated to form the
saddle point C; and separation lines § propagating to the opposite sides from it. The
fragment in Fig. 18, ¢ shows these features in more detail. They point to the existence of
steady separation. The foci F) and F, are formed in the reverse flow region propagating
from the source V. The separation line S5 with saddle point C, appears as the result of
interaction of the flow propagating from the source and a narrow stream along the
channel that penetrates above the focus Fj. This saddle point separates oppositely
directed flows along the separation line. An additional saddle point C; is located behind
the focus F,. It is of interest that the topological rule mentioned previously is also valid
for the region under study, whereby the number of saddle points should correspond to the
sum of nodes and foci. The observed topological features characterized by the emergence
of separation region with two foci are inherent in considered flows at the stage of channel
choking. Similar features are revealed in the pattern of the limiting streamlines obtained
in [28] for symmetrical interaction with ;= B, = 13° and M,,= 3.
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The qualitative character of the limiting streamlines at the face of the upper fin (Fig.
18, a) is similar to that observed for M,, = 3.9 (Fig. 17, a). The size of the separation
region limited by the lines §; and R; slightly increases. Comparatively weak signs of
periodic streamwise vortices (not shown) with a step of 11.5-13 mm are found behind the
reattachment line R; between the streamwise limiting streamlines plotted in the figure. A
remarkable feature is a significant growth of separation scale at the face of the lower fin
between the lines Sy and Ry in the region of interaction with a weaker shock from the
upper fin (Fig. 18, ¢) in comparison with the situation for M, = 3.9 (Fig. 17, ¢).
Obviously, the development of large-scale separation in this region, like on the upper face
(Fig. 18, a), points to approaching channel choking. An intense growth of separation
regions on the surfaces, due to their expulsion effect, favors an additional flow
compression in the channel and the growth of intensity of the shocks developed there,
thus approaching the channel choking. Along with the above features, a local separation
region limited by the lines S0 and Ry, (Fig. 18, ¢) is formed at the place of incidence of
the shock reflected on the side surface of the upper fin onto the low fin.

An increase of the upper fin angle for B;xB, = 11°x15° and M,, = 3.9 alters
significantly the structure of the limiting streamlines (Fig. 19) in comparison with the
above considered case BixP, = 7°x15° (Fig. 17). In this regime the asymmetry of the
pattern formed on the plate slightly decreases (Fig. 19, b). At the same time, its
appreciable effect manifests itself in the region slightly above the channel centerline
(dash-dotted line). Specific features of the flow penetrating through the throat formed by
the lines S; and S, are very similar to those registered for symmetrical interaction with B,
=B,=11°, M,,= 3.9 (Fig. 8). A typical feature is the formation of the central separation
region bounded by the line § emanating from the saddle point C;, and also the node N,
which is the origin of the streamwise reattachment line R (see the enlarged fragment in
Fig. 19, ¢). A small initial asymmetry is the reason for the lower part of the region under
consideration to be formed under the conditions of elevated pressure and its lower
gradients within the limits of secondary flow propagating from the lower fin. As shown
above, these conditions are more favorable and prevent the separation. This explains the
observed suppression of the signs of separation in the lower part of the examined region,
which is an additional source of flow asymmetry revealed in this case. As it follows from
the picture of the limiting streamlines, the disturbances reflected on the lower fin surface
are rather intense to cause separation on the plate along the separation line Ss.

The pressure distributions along the channel centerline (Fig. 13, ¢), and also for
cross-sections I, II, and III (Fig. 14, g—i), together with the data presented for comparison
and obtained in similar conditions for symmetrical interactions with f; = ,=7° and 15°,
characterize some additional features of the flow under study. In accordance with Fig. 19,
b, the central line is in the influence region of the flow propagating from the lower fin
with larger angle. The pressure levels and gradients observed along this line are higher
than in the case B; = B, = 11°, wherein the saddle point C; and node N, caused by the
formation of the central separation region were registered. Taking into account the
pressure distributions in cross-sections (Fig. 14, g—i), it is easy to see that the flow
passing through the throat between the lines §; and §; (Fig. 19, b) overcomes even larger
pressure gradients. Thus, it is not accidental that the signs of separation and similar
singular points are found there. As it follows from Fig. 14, g, in the considered situation,
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when approaching the fins, the pressure distribution in cross-section I begins to coincide
from a certain moment with that typical of the corresponding symmetrical interactions.
The region of local pressure increase in cross-section II for 4 <z <11 mm (Fig. 14, &)
corresponds to the above described separation region formed above the channel centerline
(Fig. 19, b). In cross-section III the pressure decreases from the reattachment line R; (z ~
0-3 mm) towards the lower fin (z < 0) behind the inflection of its side face and increases
towards the upper fin.

The limiting streamlines on the upper fin (Fig. 19, a) reveal a separation region
bounded by the lines S5 and Ry at the place of incidence of the shock from the lower fin
near the side surface inflection. It is remarkable that the separation length under these
conditions decreases in comparison with the previously considered case B;xB, = 7°x15°
~ (Fig. 17, a) when the shock was incident significantly higher than the surface inflection.
This effect is not incidental and is in line with the results of [65, 66]. Following these
papers, a gradual suppression of separation to a certain minimum scale as the shock wave
approaches the surface inflection occurs under the action of expansion waves. A gradual
increase of suppressed separation length takes place as the shock wave passes through the
inflection and moves away from it. Obviously, in the above situations when the separation
‘regions are formed near surface inflections (Figs. 16, ¢, 17, ¢, 18, ¢), their dimensions are
determined by a similar influence, along with other factors. Among these factors there is
relaminarization of the near-wall flow in expansion waves, which can favor the growth of
separation length [60], and the above mentioned effects of viscous-inviscid interaction
caused by additional flow compression in the channel due to the expulsion action of
separation regions. | ;

Apart from these features, the signs of developing periodic vortices (not shown for
simplicity of the picture) with a step of 4-5.5 mm are found behind the line R¢ in the
analyzed situation (Fig. 19, a), like in some previously considered cases. The growth of
intensity of the shock propagating from the upper fin leads to an increase of separation
length between the lines §7 and R; on the lower face (Fig. 19, ¢) in comparison with the
case shown in Fig. 17, c. The number and type of singular points (C3, Cy, F3, N3) is in line
with topological rules [55, 56]. The step of observed periodic streamwise vortices behind
the line R; lies within 2.7-4 mm.

A decrease of the Mach number to M, = 3 in the case B;xp, = 11°x15° leads to
characteristic changes in the topology of the limiting streamlines associated with the
development of channel choking (Fig. 20). The main features in these conditions are the
upstream displacement of the separation lines §; and S, emanating from the saddle point
C; (Fig. 20, b) towards the channel entrance, and also the formation of two foci Fy, F,
and the saddle point C, located downstream. A similar structure was observed for a
complete channel choking (Fig. 4) when the separation lines S and S, appeared at some
distance upstream of the fins, and the flow from recirculation region passed in the
transverse direction between these lines and the leading edges of the fins. There is no
such an overflow in the examined situation, and the central region is bounded by the
nodes NV;, N, and saddle points C;, C4 located behind them. Specific features of the
limiting streamlines in the vicinity of these nodes and saddle points are qualitatively
analogous to those shown in the enlarged fragment (Fig. 17, a). In the considered case of

25




developed separation (Fig. 20, b) the saddle points are balanced by nodes and foci in
accordance with the topological rule.

Vast separation regions between the lines S; and Rj, S; and R; are formed on the
side surfaces of the upper and lower fins (Fig. 20, a, ¢), with an intense upward flow.
Additional lower-scale separation regions arise downstream between the lines Sy and Ry,
S5 and Rs. The dashed lines on the side surfaces show the positions of expected shocks
whose influence is felt in the limiting streamlines behavior. Obviously, the gas dynamic
flow structure formed in this case, like in previously analyzed situations, is rather
complex and allows for the existence of regions of both Mach and regular interactions of
shock waves. Its detailed description requires a special additional study.

Considered wide experimental data [69, 70] has been used as the basis for
verification of numerical methods developed in Air Force Research Laboratory Write-
Patterson AFB, Ohio, USA. The capability for numerical simulation of symmetric and
asymmetric shock waves/turbulent boundary layer interactions using the Reynolds
averaged Navier-Stokes equations and the k—¢ turbulence model at M, = 3.9 and
different values of the fins inclination angles was demonstrated in [71, 72]. The
computations have been employed successfully to propose a model which is valid under a
wide range of interaction strengths and asymmetries. The various regimes identified
previously for symmetric interactions have been shown to persist in asymmetric
interactions and provide a unified understanding of the flowfield. Nevertheless it is
necessary to note, that for strong interaction (B1 = B2 = 15°), the experimental surface
flow pattern, while in agreement with the major features observed in computations, differ
in some topological detailes. The prediction of the sidewall/shock-vortex interaction has
been improved through the use of a modification which inhibits transifion of the sidewall
boundary layer. An understanding of the flow structure was shown to be an important
component of quantitative turbulence model evaluation. The computed surface pressure
displayed good agreement with experiment. The computations of the heat transfer and
comparison with experimental data would be important on the next stage of the
investigation. '

5. CONCLUSIONS

Systematic experimental studies of 3D interaction of a turbulent boundary layer with
a sequence of symmetric and asymmetric crossing swept shocks and expansion waves
have been conducted. New data on the structure of the limiting streamlines, surface
pressure and heat transfer distributions have been obtained. New information allows one
to refine considerably the topological features of such flows at various stages of their
development and forms the basis for verification of today's numerical methods.

A good reproducibility of specific features of the considered flows in different
experiments has been demonstrated. Specific topological features of 3D separation in the
vicinity of crossing shocks under the conditions of absence and development of channel
choking have been demonstrated and analyzed. On the basis of obtained results and
generalization of previous studies, the unsteady effects on the experimentally registered




picture of the limiting streamlines at the stage of separation incipience have been
explained.

It is shown that the examined class of assymmetric interaction flows has much more
versatile topological forms, as compared with symmetric interactions. It has been found
that increasing asymmetry of the considered configuration favors the displacement of the
central separation region on the plate to the region of secondary flow from the fin, which
develops under elevated pressure, and the suppression of separation due to decreasing
local pressure gradient. When approaching the channel choking regime, an intense growth
of separation region scale on the channel surfaces is observed, as well as the change in
flow topology in this region on the plate with the formation of two foci.

Under the conditions of limited 3D flow in the channel, like in the flow around open
- 2D configurations, the separation suppression is observed when the shock waves fall in
the vicinity of inflections of its side surfaces.

Considered wide experimenfal data has been used for verification of numerical
computations, developed in Air Force Research Laboratory Write-Patterson AFB, Ohio,
USA on a basis of the Reynolds averaged Navier-Stokes equations and the i—¢
turbulence model [71, 72]. It was demonstrated that the computational model is valid
under a wide range of interaction strengths and asymmetries and the computed surface
pressure as well as limiting streamlines properties displayed good agreement with
experiment. Nevertheless it is necessary to note, that for strong interaction, the
experimental surface flow pattern, while in agreement with the major features observed in
computations, differ in some topological detailes. ’

The prediction of the sidewall/shock-vortex interaction has been improved through
the use of a modification which inhibits transition of the sidewall boundary layer. The
computations of the surface heat transfer and comparison with experimental data are
important in future. ‘

- A collaborative experimental and computational study of the crossing shock
wave/turbulent boundary layer interaction at hypersonic Mach numbers may be
considered as the next important stage of future program.
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Fig. 3. Surface flow patterns at M =3, B,= B,=7°

35






Fig. 5. Surface flow patterns at M =3.9, = B,=7°
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Fig. 8. Surface flow patterns at M =3.9,p,= B,= 11°
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Fig. 20. Surface flow patterns at M =3, B,= 11’ = 15°
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Fig. 4. M., =3, P;=7°, B, =15°
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Fig. 5. Moo=4, B] = B2=7O
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Fig. 7. M, =4, B; =B, =15°
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Fig. 9. M, =4, p;=7°B,=15°
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TWO FINS GEOMETRY
SURFACE PRESSURE DATA

Wind tunnel facility: T-333 ITAM 22-23.02.94
M.~3.89 P,=148MPa T,=258K Re;= 93.2.10° m™

7°/15°

11.36

0.988
0.983
1.007
1.020
1.013
1.005
0.994
0.990
1.098
1.432
1.713
1.771
1.814
1.858

1.944

2.000
1.974
1.925
1.873
1.847
2.10
2.10
234
2.55
2.84
3.24
3.72
4.45
5.15
5.20
5.05
431
3.83
3.25
3.04
2.66
2.96
5.27
3.95
4.98

BB, T/ 11911° 15°15° To/1I°
P;,KPa 11.29 11.05 11.31 11.03
Throat Middle Line (TML) data
X, mm P/P;

-4 0979 0990 0979 0.992

6 0979 0981 099 0.983
16 1.005 1.005 1.007 1.005
22 1.034 1,030 1.020 1.049
26 1.008 1.010 1.011 1.009
30 0.999 1.003 . 1.002 0.994
34 0.988 1.001 0989 0.989
38 1.008 0981 0996 0.978
42 1.003 0999 1221 0.992
46 0.995 1.019 2.073 1.003
50 1.144 1296 2.587 1.256
54 1.157 1.571 2.850 1.365
58 1.197 1.846 2.966 1.487
61 1.255 2.002 3.107 1.581
64 1375 2.188 3293 1.710
67 1470 2328 3.651 1.821
70 1.566 2476 3911 1912
73 1.614 2.585 4.214 1.977
76 1.696 2.714 4.620 2.059
79 1.772  2.823 5.118 2.137
82 1.99 3.01 5.68 2.39
85 1.99 3.09 6.24 2.39
88 2.07 3.28 6.90 2.47
91 2.15 347 7.58 2.52
94 2.19 3.67 8.15 2.53
97 2.28 3.90 8.64 2.52
100 2.34 4.15 9.00 2.57
103 2.43 446 9.34 2.73
106 2.49 4.75 9.00 2.93
109 2.52 5.04 8.00 3.05
112 2.67 5.35 7.02 3.35
116 2.71 5.50 5.64 3.46
120 2.84 5.77 474 3.64
124 2.87 5.77 3.85 3.75
128 3.03 5.93 3.38 3.98
133 3.01 5.86 3.62 4.17
138 3.03 5.43 4.75 424
143 3.20 3.45 5.29 3.56
150 3.14 4.51 4.37 3.95
160 3.33 2.68 6.46 447
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11°/15°
11.14

0.975
0.988
0.999
1.036
1.017
1.003
0.997
0.986
1.113
1.441
1.833
2.055
2.251
2378
2.497
2.563
2.625
2.656
2.590
2.451
2.67
2.82
3.16
3.47
3.96
4.53
5.03
5.67
6.11
5.99
5.99
5.65
5.49
5.72
6.72
5.22
4.52
4.27
3.89
3.42




Z1, mm

7y, Mm

Z3, mm
-20

18

1.564
1.409
1.351
1.242

1.123-

1.045
0.995
1.023
1.045
1.257
1.288
1.395
1.375
1.377
1.509
1.640

1.885
1.761
1.572
1.544
1.668
1.78
1.772
1.80
1.72
1.65
1.50
1.55
1.69
1.84
1.82

1.95
2.07
2.23

241
2.44
2.67
2.53
2.39
2.26

221
2.12
1.95

Cross Sections data

2.239
1.669
1.576
1.494
1.358
1.154
1.019
1.110
1.280

1.516

1.600
1.591
1516
1.629
2.017.
2.437

2.616
2412
1.944
2.468
2.72
2.823
2.73
2.46
1.88
1.95
2.39
2.77
2.70

3.09
4.34
4.84
4.56
4.92
5.35
498
4.39
4.84

3.99
3.10

x =46 mm
3434 2.221
2.171  1.663
1.659  1.550
1.787 1.483
1.711 1.336
1.859 1.134
2.073 1.003
1.828 1.020
1.676  1.043
1.761  1.287
1.720 1.316
1.585 1372
1.711. 1.401
2.259 1.405
3.341 1.550
3.308 1.670
X =79 mm
- 2.566
3.603 2.372
4373 1.863
3.686 1.688
5.01 1.95
5.118  2.137
5.13 2.29
3.75 2.28
4.08 2.15
3.86 1.86
3.70 1.63
3.56 1.71
- 1.85
- 1.83
x =112 mm
4.66 2.39
3.70 3.01
5.98 3.33
6.63 3.30
7.02 3.35
6.78 3.07
6.12 3.32
4.29 3.29
3.70 -
- 3.31
4.08 3.04
- 2.64

68

3.371
2.184
1.644
1.342
1.620
1.611
1.432
1.134
1.037
1.279
1.290

- 1.350

1.370
1.376
1.514
1.620

3.561
3.315

2.248 -

1.87
1.847
231
2.62
2.90
291
2.95
2.60
1.86
1.82

1.28
1.30

1.74
2.97
5.05
4.95
3.86
3.21
436
5.17
5.64

3.430
2.178
1.639
1.787
1.692
1.628
1.441
1.243
1.276
1.514
1.600
1.577
1.507
1.613
1.987
2.409
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| :

TWO FINS GEOMETRY

SURFACE TEMPERATURE AND HEAT TRANSFER DATA
Wind tunnel facility: T-333 ITAM, 19.04.94

B1=P2=7°
P, = 1.485 Mpa; M., =3.95; Re; =87-10°m™; T,=260K

TML DATA
X, mm Taw Tw o
0 2402  261.2 270
10 2412  266.5 262
26 2446  278.9 227
38 241.3 273.5 246
42 241.6 2753 233
46 2416  275.1 226
50 2417 2753 222
54 2419 2725 227
58 2419  271.1 237
61 = 2423 271.3 239 .
64 243.3 273.2 232
67 2427 2714 242
70 243.6  270.5 258
76 244.1 277.6 226
79 244.1 279.2 226
82 2438 2800 217
85 24477 2783 229
88 2454  278.8 218
91 2454 2751 234
94 246.0 2733 248
97 2460 2733 248
100 246.0 273.8 242
103 2452 2748 235
106 2458 2741 251
112 246.1 276.6 244
116 246.7 2769 237
124 2460 271.1 265
128 2463 2704 258
133 2458 2673 280
138 2458  264.5 299
143 2466 2619 343
150 245.1 259.8 337
160 2446 2577 299
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CROSS SECTIONS DATA

Z, mm
-10
-6
-3

10

-10
-9
-3

12

X =46 mm
240.2 2589
240.1 268.5
2405  270.0
2416 2751
240.5 2779
2404 2766
240.2  258.9

X =79 mm
244.1 262.2
244.1 280.5
2435  281.1
2441 279.2
2435  281.1
244.1 280.5
244 .1 262.2

x=112 mm
2419  263.8
243.3 265.7
2452 2732
246.1 276.6
2452 2732
2433 265.7
2419  263.8

281
229
236
226
214
223
281

317
231
224
226
224
231
317

362
355
271
244
271
355
362




B] = f)z = 15°
P, = 1.470 Mpa; M., = 3.95; Re; =86:10°m™; T,=261.1K
TML Data

X, mm Taw Tw o
0 2420 2600 302
10 2426 2665 267
26 2429 2863 230
30 2431 2771 231
38 2443 2710 287
42 - 2462 271.0 306
46 2472 2715 302
50 12481 2728 291
54 2487  271.0 300
58 2490 269.0 336
61 2484 2671 360
64 2481 2643 415
67 247.1 2597 531
70 247.6 2594 571
76 250.9 2744 542
79 - 2521 2723 532
82 2519 2662 533
85 250.1 2624 612
88 2482 2585 686
91 2469 2544 895
94 2462  252.5 1040
97 2447  251.0 1040
100 2437 2503 984
103 2422 2490 993
106 241.8 2485 1013
112 2407 2490 874
116 2410 2496 811
124 2404 2497 695
128 2407 251.0 586
133 2412  251.0 591
138 2415 2488 736
143 243.1  249.1 841
150 2424 2484 795
160 2424 2481 705
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CROSS SECTIONS DATA

Z, mm
-10
-6
-3

10

-10
-9
-3

12

-9
-6

O N W

X =46 mm
244.1 245.0
2447 2741
2454 2756
247.2 271.5
2447 2709
245.0  270.0
244.1 245.0

X=79 mm
242.5 248.5
2416  245.0
2462 2706
252.1 272.3
2462  270.6
241.6 245.0
240.1 252.2

x =112 mm
241.3 253.1
2416  250.1
2412  248.7
240.7 249.0
241.2 248.7
241.6 250.1
241.3 253.1

466
325
333
302
296
312
466

920
609
566
532
566
609
631

652
900
978
874
978
900
652




[

B1=7% By=11° .
P,=1.490 Mpa; M, =3.95; Re; =8810°m™; T,=260K

TML DATA
X, mm Taw Tw o
0 237.6 259.9 295
10 238.1 266.5 271
26 239.5 278.1 234
30 238.5 - -
34 237.8 - -
38 239.2 274.6 261
42 239.6 276.1 252
46 239.5 275.8 244
50 239.9 275.8 242
54 240.1 2721 253
58 240.4 271.1 264
61 240.8 271.0 269
64 241.6 271.9 268
67 241.6 270.1 284
70 .241.7 268.5 303
76 242.9 273.3 291
79 2427 273.9 297
82 242.1 273.0 297
85 2429 271.9 311
88 243.8 271.0 313
91 2432 266.1 353
94 243.5 264.1 386
97 242.7 262.4 403
100 242.1 260.8 421
103 240.8 259.6 431
106 240.1 258.2 457
112 239.5 256.7 505
116 240.1 257.3 486
124 2393 254.1 529
128 239.2 253.6 505
133 239.5 251.8 569
138 - 238.6 251.0 529
143 240.4 251.0 578
150 238.5 249.9 505
160 238.0 249.6 420
CROSS SECTIONS DATA
Z, mm X =46 mm
-10 238.8 257.6 325
-6 238.5 267.7 260
-3 239.2 2704 260
0 239.5 275.8 244
3 238.8 278.8 234
6 238.3 278.2 237
x =79 mm
-10 240.4 257.0 403
0 242.7 273.9 297
3 242.7 282.0 251
9 2423 282.3 246
12 240.8 2704 311
x=112 mm

0 2395 2567 505
3 2413 262.1 424
6 2433 272.1 322
9 2429 2729 309
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B1=7°% B,=15°
P, = 1.498 MPa; M., =3.93; Re; =90

10 m™?; T,=258K

TML DATA
X, mm Taw Tw o
0 2422 2573 337
10 2435 2619 324
26 2448 2671 314
30 2445 2675 318
38 2423 2616 278
42 243.1 2625 273
46 2426 2604 287
50 2434 2612 282
54 243.1 2594 306
58 2448 2593 325
61 2435 2563 366
64 243.7  256.0 379
67 2423 2553 362
70 2432 2553 388
76 2434 2566 386
79 2413 2557 371
82 239.7 2529 401
85 239.8 2522 422
88 2394 2507 435
91 2388 2476 531
94 239.5 2473 589
97 238.7 246.6 578
100 2387 2465 583
103 237.5 2453 601
106 2379 2447 706
112 237.8 2456 644
116 2373 246.0 556
124 238.1 2465 536
128 2382  246.6 502
133 2385 2463 521
138 238.5 2450 583
143 2394 2448 650
. 150 239.5 2457 542
160 2388  245.0 457
CROSS SECTIONS DATA

Z, mm x =46 mm
-10 2409  249.0 437
-6 240.1 2541 315
-3 2403 2550 318
0 2426 2604 287
3 240.1 2609 260
6 2395 2612 252

x =79 mm
-10 238.1 2453 537
0 2413 2557 371
3 241.6 2578 352
9 2447 2644 289
12 2441 2660 242

x=112 mm
0 237.8 2456 644
3 237.0 2453 621
6 2375 246.6 587
9 238.7  250.0 473
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15°/15°

7°/15°
230(26) 234(26) 278(38) 230(26)

7°/11°

ooy
TML DATA

7°/7°

B1/B2
oy (atx)
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